A silicon-on-insulator in-plane microelectromechanical resonator coupled to a high-Q ͑Q Ϸ 4 , 200͒, high finesse ͑F Max = 265͒ optical Fabry-Pérot microcavity is presented. The cavity utilizes high reflectance dry-etched silicon/air distributed Bragg reflectors. By suspending one of the Bragg mirrors to a microbridge resonator, the mirror can be displaced and the cavity is tuned. Using electrostatic actuation, bidirectional cavity tuning from −12.1 to + 17.0 nm ͑29.1 nm total range͒ is demonstrated near 1601 nm wavelength. The device also enables measurement of thermal-mechanical noise with sensitivity better than 10 fm/ Hz In this work, we demonstrate a compact MEMS widely tunable in-plane Fabry-Pérot filter with a silicon-oninsulator ͑SOI͒ waveguide microcavity ͑Fig. 1͒. The device presents a significant improvement over previous in-plane designs utilizing air gap cavities [5] [6] [7] in terms of Q optical , finesse and tuning range. We examine thermal-mechanical noise in the device, which can be measured due to the high displacement responsivity. The high responsivity makes the device attractive for MEMS chemical sensors 8 and optical cooling of mechanical resonators.
A silicon-on-insulator in-plane microelectromechanical resonator coupled to a high-Q ͑Q Ϸ 4 , 200͒, high finesse ͑F Max = 265͒ optical Fabry-Pérot microcavity is presented. The cavity utilizes high reflectance dry-etched silicon/air distributed Bragg reflectors. By suspending one of the Bragg mirrors to a microbridge resonator, the mirror can be displaced and the cavity is tuned. Using electrostatic actuation, bidirectional cavity tuning from −12.1 to + 17.0 nm ͑29.1 nm total range͒ is demonstrated near 1601 nm wavelength. The device also enables measurement of thermal-mechanical noise with sensitivity better than 10 In this work, we demonstrate a compact MEMS widely tunable in-plane Fabry-Pérot filter with a silicon-oninsulator ͑SOI͒ waveguide microcavity ͑Fig. 1͒. The device presents a significant improvement over previous in-plane designs utilizing air gap cavities [5] [6] [7] in terms of Q optical , finesse and tuning range. We examine thermal-mechanical noise in the device, which can be measured due to the high displacement responsivity. The high responsivity makes the device attractive for MEMS chemical sensors 8 and optical cooling of mechanical resonators. 9 The MEMS filter is based on SOI waveguide FabryPérot microcavities with silicon/air distributed Bragg reflectors ͑DBRs͒; previous fixed cavities yielded Q optical Ϸ 27 000 and finesse F Ϸ 500. 10 The present device requires two additional processing steps: Al-Ti-Au metal pads are patterned; the SiO 2 is then etched in buffered hydrofluoric acid ͑BHF͒ followed by CO 2 drying, resulting in a suspended DBR mirror ͓Figs. 2͑a͒ and 2͑b͔͒. By grounding the microbridge and biasing electrodes ͑1͒ and ͑2͒ or ͑3͒ and ͑4͒, the cavity length is decreased or increased, respectively ͓Figs. 2͑c͒ and 2͑d͔͒.
For displacements, ⌬x, the force balancing versus bias ͑V͒ is F electrostatic = F spring , or ͑1 / 2͒͑ 0 Lh / gap 2 ͒V 2 Ϸ k͑⌬x͒, where 0 is the free-space permittivity, L = 300-400 m is the bridge length, h = 4.7 m is the bridge height, gap =1 m, and k is the bridge spring constant. This simplified calculation is only valid for ⌬x Ӷ gap. We calculate ⌬x Ϸ 100 nm for 10 V bias, given our beam geometry. The cavity resonances versus ⌬x are simulated with finite-differencetime-domain ͑FDTD͒ software 11 resulting in ⌬ Ϸ Ϯ 20 nm tuning for ⌬x = Ϯ 300 nm and cavity length L C =3-3.5 m. The optical penetration depth into the DBRs gives nonlinear tuning with ⌬x.
A lensed fiber coupled light from a tunable laser to the device, and the filter transmittance was measured with a photodetector. The polarization was set with the E-field perpendicular to the sample; previous work indicated minimal polarization dependence. 10 Insertion losses are Ϸ5 dB/lensed fiber and each cavity adds Ϸ6 dB loss ͑on resonance͒ compared to a test waveguide. 10 The transmission spectrum for a released device ͑i.e., with suspended DBR͒ and a L C =3 m long cavity is shown in Fig. 3 ͑device 1͒. The mirror bandwidth extends from Ϸ 1490-Ͼ 1640 nm; the two resonances ͑ 0 = 1500.5 nm and 0 = 1601.45 nm͒ have free spectral range ͑FSR͒ Ϸ 101 nm ͑calculated FSR= 115 nm͒. For 0 = 1601.45 nm, the resonance full width at half maximum is FWHM = 0.38 nm, Q optical = 0 / FWHM= 4,200 and finesse F = FSR/ FWHM= 265. These results are a significant improvement compared to previous in-plane MEMS filters. [5] [6] [7] By measuring the cavity resonance before and after the BHF etch we found that the Q increases, e.g., from Q optical = 1798 to 3357 ͑device 2, Fig. 4͒ . The enhanced Q likely results from the higher mode confinement in the released device due to the larger index contrast between silicon/air ͑released͒ a͒ Electronic mail: marcelwp@ccs.nrl.navy.mil.
FIG. 1. ͑Color online͒ MEMS microbridge ͑actuation gap= 1 m, length L, and width w͒ Fabry-Pérot cavity with suspended DBR. By grounding the microbridge and biasing electrodes ͑1͒ and ͑2͒ or ͑3͒ and ͑4͒, the resulting electrostatic force displaces the DBR and changes the cavity length. As shown: bias on electrodes ͑3͒ and ͑4͒ resulting in cavity lengthening, ⌬x ͑DBR shifts to right͒. compared to silicon/SiO 2 ͑unreleased͒. Variations in mirror angle will also affect the Q.
Electrical probes were then used to ground the silicon microbridge while biasing the electrodes. Electrodes ͑1͒ and ͑2͒ shorten the cavity, while electrodes ͑3͒ and ͑4͒ lengthen the cavity ͑device 2, L C = 3.5 m͒. The leakage current was measured to be a few tens of nanoampere. We took images of the DBR at various bias voltages during tuning measurements and extracted the displacement using MATLAB image processing to obtain a curve fit ⌬x = ͑0.26 nm/ V 2 ͒V 2 ͓Fig. 4͑a͔͒. The curve fit gives smaller displacement than expected from calculations, likely due to problems with the Al-Ti-Au contacts. We measured ⌬ = −12.1 nm tuning at −35 V bias on electrodes ͑1͒ and ͑2͒ and ⌬ = + 17.0 nm for +34 V on electrodes ͑3͒ and ͑4͒ ͓Figs. 4͑b͒ and 4͑c͔͒. The corresponding Q versus DBR displacement is shown in Fig. 4͑d͒ .
The extracted tuning range is in general agreement with FDTD simulations ͓Fig. 4͑c͔͒. Some of the discrepancy, especially for small DBR displacements ͑⌬x Ͻ 150 nm͒, is likely due to image quality and limitation in image processing resolution ͓Fig. 4͑a͔͒. Nonetheless, the FDTD simulations are generally accurate and enable prediction of tuning behavior.
The transmittance in our device shows some interesting features. For cavity shortening, i.e., bias on electrodes ͑1͒ and ͑2͒, we find relatively little change in peak transmittance, whereas the transmittance is reduced sharply for cavity lengthening, i.e., bias on electrodes ͑3͒ and ͑4͒ ͓Fig. 4͑b͔͒. This is consistent with loss induced by beam divergence across the DBR/cavity air gap. For cavity shortening, the loss is essentially single pass, since it occurs at the DBR output where the air gap is largest. On the other hand, for cavity lengthening, the loss is multipass since it occurs at the DBR/ cavity interface where the air gap is largest. Looking at Fig. 4͑d͒ , we find significant variation in Q for 0 Ͻ⌬x Ͻ + 150 nm; this is likely due to DBR rotation for small displacements. As expected, for large DBR displacements resulting in cavity lengthening or shortening ͑⌬x ജ 300 nm͒, the reflectance decreases and the Q is reduced.
The coupling of a high finesse microcavity with a micromechanical resonator also enables the measurement of thermal-mechanical noise in MEMS. 12, 13 Brownian motion of the silicon microbridge due to coupling to the environment ͑i.e., air͒ causes oscillations at the mechanical resonance modes. By using a high finesse microcavity, one can measure these thermal-mechanical resonance modes. Using the approach from Ref. 13 , the laser wavelength was fixed slightly blueshifted from the resonant peak ͑ probe = 1610.65 nm͒, at a point with maximum slope. Therefore, small displacements of the DBR mirror due to thermalmechanical noise fluctuations result in variations in detector signal that can be measured in a spectrum analyzer. The measured thermal-mechanical noise spectrum in Fig. 5͑a͒ ͑obtained without actuation͒ exhibits three peaks at f 0 = 279.2 kHz ͑Q mechanical = 5.2͒, 833.6 kHz ͑12.17͒, and 1.592 MHz ͑22.11͒. Although the amplitude is Ͻ10 fm/ Hz 1/2 , an order of magnitude smaller than previous work, 13 we obtain a strong signal; this attests to the high cavity finesse and demonstrates the high displacement sensitivity in our device.
To ascertain that the measurements represent mechanical resonances of the silicon microbeam, we actuated the device using a 1 V P-P sine wave ͑0.5 V DC offset͒ while sweeping the actuation frequency and measuring the transmittance at probe = 1610.62 nm using a lock-in amplifier ͓Figs. 5͑b͒ and 5͑c͔͒. The agreement between thermal-mechanical noise ͑f 0 = 279.2, 833.6, and 1.592 MHz͒ and actuation measurements ͑f 0 = 275.4, 811.5, and 1.572 MHz͒ is very good. When we apply a bias to electrodes ͑1͒ and ͑2͒ the fundamental in-plane mechanical mode ͑m =0͒ is preferentially excited, which gives rise to a strong signal ͓Fig. 5͑b͔͒. The higher-order resonances can still be excited, although they result in a smaller signal amplitude. Finite element simulations 14 indicate that the first peak m = 0 is the fundamental in-plane mechanical mode, m = 1 corresponds to the fundamental out-of-plane mode, and m = 2 is the second inplane mode. Indeed, by actuating the MEMS resonator using only electrode ͑1͒, we can preferentially excite the m = 2 inplane mode ͓Fig. 5͑c͔͒. The excitation and measurement of higher-order modes is difficult due to their small displacement amplitude compared to the fundamental mode. Our measurements confirm the high resolution of our opticalmechanical resonator and suggest that the device is useful for various applications, such as sensor arrays, in which operation at higher-order modes enhances sensitivity. 15 In conclusion, we fabricated an in-plane MEMS, widely tunable Fabry-Pérot microcavity with electrostatic actuation. The silicon cavity design reduces optical losses significantly compared to air cavity configurations [5] [6] [7] and enables high Q ͑Q Ϸ 4,200͒, high finesse ͑F = 265͒, and large tuning range ͑⌬ = 29.1 nm͒. Other applications include integrated FabryPérot spectrometers and all-optical MEMS resonant chemical sensors. 8 The device may also enable optical cooling of MEMS devices, in which thermal-mechanical noise is effectively reduced by radiation pressure in microcavities. 
